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ABSTRACT
We explore the MRI driven dynamo in a radiatively inefficient accretion flow (RIAF) using
the mean field dynamo paradigm. Using singular value decomposition (SVD) we obtain the
least squares fitting dynamo coefficients α and γ by comparing the time series of the turbulent
electromotive force and the mean magnetic field. Our study is the first one to show the poloidal
distribution of these dynamo coefficients in global accretion flow simulations. Surprisingly, we
obtain a high value of the turbulent pumping coefficient γ which transports the mean magnetic
flux radially outward. This would have implications for the launching of magnetised jets which
are produced efficiently in presence a large-scale poloidal magnetic field close to the compact
object. We present a scenario of a truncated disc beyond the RIAF where a large scale dynamo-
generated poloidal magnetic field can aid jet-launching close to the black hole.Magnitude of all
the calculated coefficients decreases with radius. Meridional variations of αφφ, responsible for
toroidal to poloidal field conversion, is very similar to that found in shearing box simulations
using the ‘test field’ (TF) method. By estimating the relative importance of α-effect and shear,
we conclude that the MRI driven large-scale dynamo, which operates at high latitudes beyond
a disc scale height, is essentially of the α− Ω type.
Key words: accretion,accretion discs - dynamo - instabilities - magnetic fields - MHD -
turbulence - methods: numerical.
1 INTRODUCTION
Angular momentum transport in a completely ionized rotationally-
supported accretion disc (such as in a black hole binary [BHB])
is supposed to be mediated by a weak field instability; namely,
the Magneto-rotational instability (MRI; Velikhov 1959; Chan-
drasekhar 1960; Balbus & Hawley 1991). Although linear MRI
guarantees outward angular momentum transport, its saturation de-
termines different accretion properties such as accretion rate and
luminosity. With the increase in computational capabilities, it has
been possible in last two decades to study saturation of the MRI us-
ing both local (shearing box) and global simulations with increasing
resolution. Previous local (Brandenburg et al. 1995; Hawley et al.
1996; Davis et al. 2010; Gressel & Pessah 2015; Bhat et al. 2016)
and global (Flock et al. 2012; Hawley et al. 2013; Parkin & Bick-
nell 2013; Suzuki & Inutsuka 2014; Jiang et al. 2014; Hogg &
Reynolds 2018) studies show that an MRI driven dynamo can sus-
tainmagnetic fields in saturation, overcoming the dissipative effects.
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They also show that the MRI driven dynamo generates large scale
magnetic fields. Large scale magnetic fields are not only the neces-
sary ingredient to produce outflows/jets (Blandford & Znajek 1977;
Blandford & Payne 1982), they are also important in determining
the level of angular momentum transport (Johansen & Levin 2008;
Bai & Stone 2013) in accretion discs.
Till date, most studies focus on dynamo action in the standard
disc either using a local or a global approach. All the global (Arlt
& Rüdiger 2001; Flock et al. 2012; Hogg & Reynolds 2018) and a
few local shearing-box (Brandenburg et al. 1995; Davis et al. 2010)
simulations use a very simple mean field closure (equation 23) to
characterise the dynamo coefficients in shearing box simulations.
A few studies (Brandenburg 2008; Gressel 2010; Gressel & Pes-
sah 2015) consider a more complicated closure encapsulating the
anisotropic nature of MHD turbulence. Using state of the art test
field (TF) method (Schrinner et al. 2007; Brandenburg 2009), these
studies determine turbulent dynamo coefficients for the MRI driven
dynamo.
In this paper, we wish to characterise the mean field dynamo
in a hot, optically thin, geometrically thick radiatively inefficient
accretion flow (RIAF; Narayan & Yi 1994; Blandford & Begelman
1999; Narayan et al. 2000; Quataert & Gruzinov 2000). We use the
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model ‘M-2P’ described in Dhang & Sharma (2019) to calculate
the dynamo coefficients. Most of the previous studies determining
the dynamo coefficients in local shearing box simulations use the
TF method. We take an alternate approach using singular value
decomposition (SVD) method (Racine et al. 2011; Simard et al.
2016; Bendre et al. 2019). In this method, we essentially solve the
problem of a least-square minimisation by fitting the time series of
turbulent EMFwith that of the meanmagnetic fields. The advantage
of SVD method is that we can post-process the simulation data,
while TF method requires updating passive large scale fields during
run time.
It is thought that there is a close connection between the jet
and the existence of a RIAF close to the black hole (Esin et al. 1997;
Fender et al. 1999). Most of the previous studies investigating the
disc-jet coupling assume the presence of a large-scalemagnetic field
(Tchekhovskoy et al. 2011;McKinney et al. 2012; Penna et al. 2013).
However, the source of this coherent large-scale magnetic fields is
still an open question. The two possible generation mechanisms are
(i) advection of field from the outer standard thin disc (Bisnovatyi-
Kogan & Ruzmaikin 1974, 1976) and (ii) in-situ generation of the
field by dynamo action (Brandenburg et al. 1995; Hawley et al.
1996). In a classical turbulent thin disc (H/R 1), the advection
timescale is comparable to the turbulent diffusion timescale (Lubow
et al. 1994; Cao 2018). However, a few studies propose that in the
hot tenuous coronal region (where radial velocity is comparatively
higher compared to that in the mid-plane) above and below the disc
mid-plane, field can be dragged inward efficiently (Guilet & Ogilvie
2012, 2013). There are some recent studies (Hogg&Reynolds 2018;
Liska et al. 2018), including ours (Dhang & Sharma 2019), which
investigate dynamo action in RIAFs. Large scale dynamo action is
found to be weak in RIAFs and only confined beyond the disc scale
height, within which a turbulent small-scale dynamo dominates.
By using the SVDmethod, we obtain the distribution of turbu-
lent dynamo coefficients in the poloidal (r, θ) plane for a RIAF. We
emphasise the previously unnoticed effect of strong radial turbulent
pumping (or what is known as the γ-effect), which transports large-
scale magnetic fields radially outward. Presence of this γ−effect
makes it harder for the large-scale magnetic field to be advected to-
wards the black hole even in a weakly magnetized RIAF (like model
‘M-2P’). We propose a possible scenario for flux accumulation near
the black hole in the truncated disc model (Esin et al. 1997) which
is favourable for jet formation in the low/hard state of a BHB.
The paper is organised as follows. In section 2 we briefly
discuss the details of the simulation which we analyse. The mean
field formalism and the SVD method are discussed in section 3.
We describe the results in section 4. A discussion of the results and
their astrophysical implications is presented in section 5. Finally,
we summarise the key findings of the paper in section 6.
2 THE SIMULATION DETAILS
We retrieve the dynamo coefficients for the MRI driven dynamo in
a RIAF. We use the model ‘M-2P’ described in Dhang & Sharma
(2019). To summarise, we solve the Newtonian ideal MHD equa-
tions of motion of the magnetised gas around a non-spinning black
hole using the PLUTO code (Mignone et al. 2007). Considering an
ideal equation of state with adiabatic index Γ = 5/3, we solve the
equations in spherical coordinates (r, θ, φ) with the computational
domain spanning over r ∈ [4, 140], θ ∈ [0.02, pi − 0.02], φ ∈
[0, 2pi] with a resolutionNr×Nθ×Nφ = 368× 192× 512. Most
of the grids are employed in the region r ∈ [4, 45], θ ∈ [pi/3, 2pi/3],
φ ∈ [0, 2pi] where bulk of the accreting gas is present (for a detailed
description see Table 1 and section 2.3 of Dhang& Sharma (2019)).
In the Newtonian regime, to mimic the general relativistic
effects close to a black hole, we use the pseudo-Newtonian potential
(Paczyńsky & Wiita 1980) Φ = GM/(r − 2rg), where rg =
GM/c2 is the gravitational radius, M and c are the mass of the
accreting black hole and the speed of light in vacuum respectively.
In the code, we assume GM = c = 1 to work in dimensionless
units. As a result, all the length scales and velocities are expressed
in the units of rg and c respectively. Unless stated otherwise, time
scales are expressed in terms of the number of orbits a test particle
would do at the inner most stable circular orbit (ISCO), and is given
by
NISCO =
tsim
TISCO
, (1)
where the simulation time is tsim, the orbital period at ISCO,
TISCO = 2pir
1/2
ISCO(rISCO − 2) = 61.56 rg/c and we use
rISCO = 6rg for a Schwarzschild black hole.
For the extraction of dynamo coefficients, we use the time
series of mean magnetic fields and EMFs in the quasi-steady state
with a span tsim ∈ [250, 630].
3 THE MEAN FIELD DYNAMO
To understand the evolution of large-scale magnetic fields in the
simulations, we employ the standardmean-field dynamo formalism.
Its mathematical formulation of relies upon splitting of the flow
variables, velocity v and magnetic fieldB as a sum of large scale or
mean components (denoted by over-bars , v¯ and B¯) and small-scale
or fluctuating components (denoted by primes v′ and B′), where
the mean is defined over a suitable averaging domain that usually
satisfies Reynolds rules. We thus define mean of a quantity q by
integrating over the azimuthal domain as,
q¯(r, θ, t) =
1
Φ0
∫ Φ0
0
q(r, θ, φ, t) (2)
and consequently the fluctuations as
q′(r, θ, φ, t) = q(r, θ, φ, t)− q¯(r, θ, t). (3)
Time evolution of the mean magnetic field is then governed by
averaged induction equation,
∂B¯
∂t
= ∇× [v¯ × B¯ + v′ ×B′ − η∇× B¯] (4)
where η is the microscopic diffusivity. The terms within the bracket
on the right-hand side describe the effects of mean and fluctuating
fields and flows on its evolution. The effect of turbulence on the
mean field evolution is captured through the mean electromotive
force (EMF),
E¯ = v′ ×B′. (5)
Motivated by Second Order Correlation Approximation (SOCA)
(Moffatt 1978; Krause & Rädler 1980), the EMF is modelled as lin-
ear function of mean field and its covariant derivatives ignoring any
higher order derivatives. In a locally Cartesian co-ordinate system
we have,
E¯i = aijB¯j + bijk ∂B¯j
∂xk
. (6)
Here the tensorial coefficients aij and bijk are the functions of sta-
tistical correlation among fluctuating parts of velocity and magnetic
MNRAS 000, 000–000 (0000)
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fields. Further, a is a rank two tensor which acts as a source term
in equation 4, and b, a rank three tensor is mainly responsible for
diffusion of mean magnetic field. By further decomposing these
tensors into their symmetric and anti-symmetric parts, equation 6
can be rewritten as,
E¯i = αijB¯j +
(
γ × B¯)
i
− ηij(∇× B¯)j
− [∆× (∇× B¯)]
i
− κijk ∂B¯j
∂xk
(7)
(See eg. Schrinner et al. 2007, and references therein. ) Here the dy-
namo coefficients α, γ, η,∆ and κ describe the various turbulence
properties, eg.
αij =
1
2
(aij + aji), and γk =
1
2
kijaij (8)
describe the classicalα-effect and turbulent pumping respectively. It
can be explicitly seen from equation 7 and equation 4 that γ adds to
themean velocity v¯ in advecting themeanmagnetic field. The tensor
ηij represents the diagonal and off-diagonal parts of anisotropic
turbulent diffusivity, while the coefficient∆ encapsulates a dynamo
generating term first identified by Rädler (1969). In this analysis
however we have neglected the contribution of tensor b, since it
had no significant impact on the determination of EMF.
3.1 Estimating Dynamo Coefficients Using the SVD Method
The dynamo coefficients in equation 7 express the effects of MHD
turbulence on the evolution of the mean field. It is therefore of
interest to determine these coefficients for the direct simulations we
have performed. To explicitly state the problem we first express the
ith component EMF using equation 6 and ignore the higher order
terms involving tensor b in the expansion (similar to Racine et al.
2011) as,
E¯Mi = aijB¯j , (9)
where i, j ∈ (r, θ, φ), and the pseudo-tensor aij relates to the direct
dynamo coefficients αij and γi in equation 8 through following
relations,
αrr = arr,
αθθ = aθθ,
αφφ = aφφ,
αrθ = αθr =
1
2
(arθ + aθr)
αrφ = αφr =
1
2
(arφ + aφr) ,
αθφ = αφθ =
1
2
(aθφ + aφθ) . (10)
γr =
1
2
(aθφ − aφθ) ,
γθ =
1
2
(aφr − arφ) ,
γφ =
1
2
(arθ − aθr) . (11)
The problem then is one of determining aij and from the data of
DNS, at each point in (r, θ). Note here that we have ignored the
contribution of tensor b as it was found to have no statistically
significant effect on the determination of EMF, as discussed in
the later sections. The expressions for the complete set of dynamo
coefficients is given in Appendix A (see also Schrinner et al. 2007,
and references therein). Due to insufficient number of equations than
are required to have a unique solution to equation 9, we treat this
problem as the one of time series analysis. In particular, we adopt
the standard singular value decomposition method to minimise the
least-squares of the time series formed from the residuals of equation
9 at each (r, θ) point. We have adopted this method from Racine
et al. (2011) and Simard et al. (2016) and the details are discussed
below.
At each point in (r, θ) plane, the time series of EMF compo-
nents E¯i and mean magnetic field B¯i are extracted from the DNS.
Elements of these time series are treated as independent data points,
and used to determine the values of aij at (r, θ). This is achieved
by determining the set of coefficients that minimise the least-square
sums of following residual vector components;
Ri = E¯i − aijB¯j , (12)
by using the SVD scheme.
We first construct the ‘design matrix’, A at each fixed (r, θ)
point which we define as,
A =

B¯r (t1) B¯θ (t1) B¯φ (t1)
B¯r (t2) B¯θ (t2) B¯φ (t2)
...
...
...
B¯r (tN ) B¯θ (tN ) B¯φ (tN )
 (13)
A is determined directly from theDNS data. The number of rowsN ,
indicates the length of these time series, (t1, t2, ..., tN ). Similarly
we define the data matrix Y and the parameter matrix X (also at
(r, θ)) as,
Y =

E¯r (t1) E¯θ (t1) E¯φ (t1)
E¯r (t2) E¯θ (t2) E¯φ (t2)
...
...
...
E¯r (tN ) E¯θ (tN ) E¯φ (tN )
 , (14)
and
X =

arr aθr aφr
arθ aθθ aφθ
arφ aθφ aφφ
 . (15)
Noting that matrices X ,Y and A are of dimensions 3 × 3, N × 3
and N × 3 respectively, equation 9 can be written as,
Y (r, θ) = A (r, θ)X (r, θ) + Nˆ (r, θ) . (16)
The additional term Nˆ on the right hand side is the noise matrix
with same dimensions as Y . Columns of Nˆ represent the level of
additive noise in the components of E¯ while the rows represent the
additive noise in the respectiveEMFcomponent at a fixed time.With
this arrangement equation 16 now represents an over-determined
system of equations wherein the constancy of the elements of X is
implicitly assumed for t1 < t < tN . Such an assumption appears
reasonable in the saturated steady state of the dynamo. The least
squared solution (Xˆ ) to this system is found by seeking to minimise
the following two norm for ith columns of Y and X ,
χ2i (r, θ) =
1
N
N∑
n=1
[
(yi (r, θ, tn)−Axi (r, θ, tn))>
σi
]2
. (17)
Here the vectors yi and xi are the ith columns of Y and X re-
spectively. While σi is the variance associated with ith column of
the noise matrix Nˆ (which we will determine from the best fit xˆi
MNRAS 000, 000–000 (0000)
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itself below). The method that we use here to seek the least square
solution Xˆ , relies upon the unique SVD decomposition of A;
A = UwVT (18)
where the matrices U and V are of dimensions N × 3 and 3 ×
3 respectively and are orthonormal, while the singular matrix w
is 3 × 3 diagonal matrix. For this decomposition we follow the
algorithm described in Press et al. (1992). It is to be noted here that
matrices A, U, V and w are functions of r and θ. We avoid the
explicit mention of this fact hereafter, unless required. Xˆ can then
be expressed in terms of U, V and w simply as (similar to Mandel
1982),
xˆj = Vw
−1UTyj . (19)
We recall that here the index ‘j’ denotes the j’th column of either
Xˆ or Y . Variances associated with each element of xˆj do depend
upon the column index j (through the σj in equation 17) as,
Var
(
[xˆj ]i
)
=
∑
l
[
Vil
wll
]2
σ2j , (20)
where the noise component σj is calculated from the SVD fit simply
as,
σ2j =
1
N
(yj −Axˆj)> (yj −Axˆj) . (21)
4 RESULTS
Saturation of the MRI in the non-linear regime maintaining a finite
amplitude for the magnetic field indicates an underlying dynamo
action. A distinguishing feature of the dynamo action in a geomet-
rically thick RIAF is the presence of an intermittent dynamo cycle
(Hogg&Reynolds 2018; Dhang& Sharma 2019; Liska et al. 2018).
Irregularity in the dynamo cycle can readily be explained using the
mean field dynamo theory (for a review see Brandenburg & Subra-
manian 2005). Slightly sub-Keplerian nature of the angular velocity
leads to the intermittency (Nauman & Blackman 2015; Gressel &
Pessah 2015; Dhang & Sharma 2019).
4.1 Butterfly diagrams for the mean fields
Fig 1 shows the variation of the mean magnetic fields with latitude
θl = 90
◦−θ and time (popularly known as the ‘Butterfly diagram’)
at a radius r = 20 for a geometrically thick (H/R ∼ 0.4) RIAF
(model ‘M-2P’ in Dhang & Sharma 2019). Top, middle and bottom
panels of Fig. 1 show the spatio-temporal variation of radial (B¯r),
meridional (B¯θ) and toroidal (B¯φ) mean magnetic fields respec-
tively. While B¯φ and B¯r are the strongest components, strength of
B¯θ is much smaller. It is also evident from Fig. 1 that mean fields
are stronger at higher latitudes, where stratification becomes impor-
tant and large scale dynamo operates. On the other hand, at lower
latitudes around the mid-plane, fluctuation dynamo dominates and
mean fields are vanishingly small. For a detailed discussion on the
two dynamo mechanisms in RIAFs see Fig. 26 and Section 7.4 in
Dhang & Sharma (2019).
4.2 Spatial variation of the dynamo coefficients
In an accretion flow, due to the presence of a strong shear, poloidal
fields (Br and Bθ) are readily converted into toroidal fields (Bφ).
The generation of poloidal fields is mainly attributed to the twisting
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Figure 1. Spatio-temporal variation of radial (top panel), meridional (mid-
dle panel) and toroidal (bottom panel) components of mean magnetic fields
at a radius r = 20. Time is expressed in units of local orbit at r = 20. Black
dashed lines indicate one scale-height in the northern and southern hemi-
spheres. Mean fields are stronger at larger latitudes on both the hemispheres,
where large scale dynamo operates. Equatorial regions, where fluctuation
dynamo dominates, have smaller mean fields.
of toroidal magnetic fields by helical turbulence, known as the clas-
sicalα- effect. A simple mean field closure (equation 23) neglecting
γ, turbulent diffusion and off-diagonal terms of αij fails to provide
an ordered α coefficient for the dynamo action in RIAFs (see Fig.
25 of Dhang & Sharma (2019)). In the current work, we use a more
general closure (equation 9) for mean fields and EMFs.
4.2.1 Meridional variation
Fig. 2 shows the meridional variation of the nine dynamo coeffi-
cients at three different radii r = 15, 20, 35 recovered using the
SVD method. Top three panels in Fig. 2 show the variation of di-
agonal components of αij with latitude θl = 90◦ − θ. While αrr
and αφφ are ordered and antisymmetric about the mid-plane, αθθ
shows less coherent structure and is symmetric about the mid-plane.
Out of these three diagonal components, the most important one for
the large-scale dynamo is the αφφ, which is responsible for the
production of poloidal fields Br and Bθ out of the toroidal field
Bφ. In the northern hemisphere (NH) αφφ is negative at lower lat-
itude and becomes positive at higher latitude. An opposite trend is
seen in southern hemisphere (SH). This antisymmetric behaviour of
αφφ is expected from the naive picture of helical turbulence, where
Coriolis forces break parity and the symmetry about the equator.
The pattern in meridional variation of αφφ roughly matches with
MNRAS 000, 000–000 (0000)
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Figure 2. Meridional variation of dynamo coefficients at different radii r = 15, 20, 35. Coloured region shows the corresponding 1σ region of significance.
Blue dashed horizontal line denotes zero of dynamo coefficients.
those found in local shearing box simulations (Brandenburg 2008;
Gressel 2010). However, the result differs from some of the previ-
ous global simulations (Arlt & Rüdiger 2001; Flock et al. 2012).
We will discuss the sign of αφφ in different studies of MRI driven
dynamo in detail in section 5.1.
Middle and bottom three panels in Fig. 2 show the meridional
variation of symmetric (αrθ , αrφ, αθφ) and antisymmetric (γr ,
γθ , γφ) parts of the off-diagonal components of a-tensor. While
αrφ and its corresponding anti-symmetric component γθ are anti-
symmetric about the mid-plane, other components show a sym-
metric behaviour. Among the non-diagonal components, the γ’s,
which represent turbulent pumping, are of particular interest. The
coefficients γ represent the transport of the mean fields from a tur-
bulent region to a more laminar region - a phenomenon of turbulent
diamagnetism. Positive sign of radial component γr at all latitudes
implies a transport of mean fields frommore turbulent region (close
to the BH) to a comparatively less turbulent region (away from the
BH). Similarly, the negative (positive) sign of γθ in the NH (SH)
describes the pumping of mean fields from turbulent equatorial re-
gion to the more laminar coronal region. The coefficient γφ arises
because of the non-alignment of angular velocity and gradient in
total (magnetic + kinetic) specific turbulent energy (see equation
10.59 in Brandenburg & Subramanian (2005)).
4.2.2 Radial variation
In Fig. 2, we see a clear pattern, smaller the radius, larger the value
of the dynamo coefficients. To get a better picture of this behaviour,
we look at variation of the dynamo coefficients at high latitudes
(where large-scale dynamo dominates) with radius in Fig. 3. We
take four meridional cuts - two in the NH (with θl = 50◦, 65◦), and
two in the SH (θl = −50◦,−65◦). Selection of such meridional
cuts helps us comprehend the radial variation as well the symmetry
of the dynamo coefficients about the mid-plane.
Top, middle and bottom panels of Fig. 3 show the radial varia-
tion of diagonal, symmetric and antisymmetric components of the
a tensor respectively. Among the diagonal components, both αrr
and αφφ show a coherent antisymmetric behaviour at all radii (e.g.
compare black and magenta lines representing dynamo coefficients
at θl = +65◦ and θl = −65◦ respectively). The symmetric na-
ture of αθθ as we describe in section 4.2.1 is not prevalent at all
radii. Likeαrr andαφφ, the symmetric/antisymmetric behaviour of
the off-diagonal components are quite robust. The coefficients αrφ
and γθ are anti-symmetric about the mid-plane at all radii. Rest of
the off-diagonal components preserve symmetry about mid-plane
which we discuss in section 4.2.1.
Till now, in this sub-section, we discussed how the spatial
symmetry of the dynamo coefficients prevails at all radii. However,
the most interesting result of the our SVD analysis in this sub-
section is that many of the calculated dynamo coefficients roughly
follow a power-law of ∝ r−1.5. To guide reader, we draw a yellow
solid line following a power-law ∝ r−1.5 in each panel of Fig.
3. In our simulations of the RIAF, we have Ω ∼ r−1.7 and it is
thus interesting that dynamo coefficients can have the similar radial
dependence. Moreover, the coefficient crucial for the generation of
poloidal field from toroidal one, αφφ, is also negative in the NH and
tends to change sign again further north. It would be important to
understand these interesting features ofαφφ frommore basic theory
in the future.
4.2.3 Variation in the poloidal plane- a composite picture
In the previous sub-sections, in order to study spatial dependence,
we determined the meridional and radial variations of dynamo co-
efficients at the fixed radii and latitudes respectively. Fig. 4 shows a
composite picture of spatial variation of dynamo coefficients in the
(r, θ) plane. Panels at the top, middle and bottom show the spatial
distribution of diagonal, symmetric off-diagonal and antisymmetric
off-diagonal components of a tensor respectively. We put a black
mask wherever the the error on the coefficients calculated by the
SVD method exceeds its absolute value. It is quite clear in Fig. 4
that SVD works quite well in extracting dynamo coefficients at high
latitudes where large-scale dynamo dominates. At low latitudes,
the fluctuation dynamo dominates the evolution, the mean fields
MNRAS 000, 000–000 (0000)
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Figure 3. Variation of dynamo coefficients with radius at four different latitudes θl = −65◦,−50◦, 50◦, 65◦ in NH and SH. Corresponding 1σ region of
significance is shown by the coloured error band. Blue dashed horizontal line denotes zero of dynamo coefficients. A power law profile of ∝ r−1.5 is shown
by the yellow solid line.
and EMFs are small, and dynamo coefficients associated with the
large-scale dynamo are vanishingly small.
Regarding the distribution of dynamo coefficients in the
poloidal plane, in a nutshell - apart fromαθθ , all other calculated dy-
namo coefficients show a coherent structure. While αrr , αφφ, αrφ
and γθ show a coherent antisymmetric behaviour about the mid-
plane, αrθ , αrφ, αθφ, γr and γφ are coherently symmetric about
the θl = 0 plane. Here, it must be mentioned that SVD treats each
point in poloidal (r, θ) plane independently. Therefore, the symme-
try/antisymmetry of dynamo coefficients about the mid-plane is not
an artefact of the SVD method.
4.3 Reliability check of the SVD method
The SVDmethod provides an estimate of error on the determination
of the coefficients aij . It is evident from Fig. 4 that at high latitudes,
where mean fields, EMFs are stronger and dynamo coefficients are
of non-zero values, variances are small. However, wheremean fields
and EMFs are vanishingly small (at low latitudes), errors are large
(implying that amean field description is invalid). In this subsection,
we show some additional diagnostics to investigate the accuracy of
the parameterization as recovered by the SVD method.
4.3.1 Reconstruction of the EMF
As a primary diagnostic, we reconstruct components of EMF using
the extracted dynamo coefficients and mean magnetic fields (equa-
tion 7). Fig. 5 shows the comparison between the spatio-temporal
variations of EMF (equation 5) obtained directly from the simu-
lation (left panels) and reconstructed EMF E¯M (right panels) at a
radius r = 20. Top, middle and bottom panels of Fig. 5 show the
butterfly diagrams for radial (E¯r), meridional (E¯θ) and toroidal (E¯φ)
components of EMF respectively. It is evident that for E¯r and E¯φ the
match between the directly obtained EMF and reconstructed EMF
is quite good at high latitudes, where the large-scale dynamo domi-
nates. As expected, at low latitudes, the the reconstructed EMFs do
not agree with the EMFs directly obtained from simulation because
at low latitudes large scale dynamo is suppressed and mean fields,
EMFs are vanishingly small. For E¯θ , agreement between the directly
obtained and reconstructed EMFs is not as good as it is for E¯r and
E¯φ. This poorer match is again because of the smallness of E¯θ and
B¯θ .
4.3.2 Residuals of EMFs obtained from simulations and
reconstructed one
Fig. 5 gives a good visual impression of agreement between the
EMFs obtained directly from simulations and reconstructed using
themean field closure. To quantify thematch, we calculate the resid-
ual of the directly obtained (from simulations) and reconstructed
EMFs as follows
δE¯i(r, θ, t) = E¯i(r, θ, t)− E¯Mi (r, θ, t). (22)
Fig. 6 shows the histogram of residuals for each components of
EMFs at a fixed radius r = 20 and at two different latitudes- θl =
60◦ and θl = 0◦. The residuals are normalised by the respective
components of EMFs E¯i(r, θ, t). It is easily observed that at high-
latitudes, where the agreement is seen to be good in Fig. 5, the
histogram shows a peak about zero. At low latitudes (mid-plane),
where there is a large mis-match between E¯i and E¯Mi as seen in
Fig. 5, there are few instances when the residuals are zero. It is
also evident from the peak widths of the histograms that the match
between E¯i and E¯Mi is best for φ-component of EMF.
In Fig. 6, we investigate the agreement between simulated (di-
rectly obtained from the simulation) and reconstructed EMFs at
different times at particular point in space. To see the how well the
match is in a time-averaged sense over the whole poloidal plane,
we calculate at the rms values of the residual EMFs. Fig. 7 shows
the poloidal distribution of residuals δE¯i,rms. The residuals are nor-
malised by the rms values of the EMFs E¯i,rms. Fig. 7 essentially
echoes the key results shown in Fig. 5 and 6.We see that normalised
residuals are minimum at high latitudes and maximum around the
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mid-plane. Thus SVD provides a good match between the recon-
structed and simulated EMFs at high latitudes where a large scale
dynamo dominates. This also indicates that the bijk tensor does
not make a statistically significant contribution to the EMF as we
had stated earlier. The match between the two EMFs is poor at
low latitudes as expected, where a turbulent small-scale dynamo
operates.
5 DISCUSSION
5.1 Comparison with previous local and global studies
All the previous global studies (Arlt & Rüdiger 2001; Flock et al.
2012; Hogg & Reynolds 2018) consider a simpler closure
E¯φ ≈ αφφB¯φ (23)
to characterise the dynamo coefficients in accretion flows. In this
paper, we use a more general closure to calculate the diagonal as
well as the off-diagonal dynamo coefficients in a global simulation
of accretion flow around the black hole. Determination of dynamo
coefficients throughout the poloidal plane (r, θ) gives us the oppor-
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tunity to compare our findings with the previous local and global
studies.
We use the spherical polar coordinates (r, θ, φ) in our global
simulations. Previous shearing box studies (Brandenburg 2008;
Gressel 2010; Gressel & Pessah 2015) characterising dynamo coef-
ficients use the TFmethod. For comparison, we canmake amapping
from spherical polar to Cartesian coordinates for the three dynamo
coefficients; αxx → αrr , αyy → αφφ and γz → γθ . The trend in
the meridional variation of these three coefficients agrees well be-
tween local shearing box simulations (see Fig. 5 of Gressel (2010))
and our global study (see Fig. 2). For example, like αyy , its spher-
ical counterpart αφφ is −ve / +ve close the mid-plane and tends
to be +ve / −ve at higher latitudes in the northern hemisphere
(NH)/southern hemisphere (SH). However, to be confident about
prevalence of +ve sign at high latitudes, the calculation needs to
be done for a geometrically thin disc (H/R  1), where many
scale-heights are available.
There is a long standing disagreement between local and global
simulations regarding the sign of αφφ, calculated using the simple
closure (equation 23). Local studies (Brandenburg et al. 1995; Bran-
denburg & Donner 1997; Davis et al. 2010) found a negative αφφ in
NH. Global studies (Arlt & Rüdiger 2001; Flock et al. 2012) found
an opposite trend, i.e a+ve αφφ in NH. However, Hogg&Reynolds
(2018) obtained an αφφ of −ve sign at r = 15 and between +H
to +2H (i.e in NH) using the same simple closure (equation 23).
The reason behind the agreement/disagreement among the different
studies especially among the recent global studies (Flock et al. 2012;
Hogg & Reynolds 2018 and the current work) is not very clear. All
three works use the same code (PLUTO) and similar combination of
algorithms recommended by Flock et al. (2010).
5.2 Opportunity to build an effective mean field model
To attain saturation of theMRI and for dynamo action, an expensive
3D simulation has to be performed for a sufficiently long time.
Determination of the spatial profiles of dynamo coefficients gives
an opportunity to build an effectivemean fieldmodel forMRI driven
accretion flow, which can be run in 2D with sustained turbulence. In
particular, an effective mean field model can be useful in simulating
the expensive geometrically thin disc (H/R  1) with a long
dynamical range.
There have been previous attempts to build an effective
mean field models for MRI driven accretion flow (Bucciantini &
Del Zanna 2013; Sa¸dowski et al. 2015). However, all those models
consider either an α-effect or both α-effect and turbulent diffusivity
using some simple closure. Consideration of the full set of dynamo
coefficients in the mean field model is expected to provide a more
realistic result.
5.3 Characterisation of the dynamo
Dynamo action in the differentially rotating accretion disc is tradi-
tionally categorised as an α−Ω dynamo (Brandenburg et al. 1995;
Gressel 2010). Here, Ω effect refers to the generation of toroidal
component of magnetic field from the poloidal components by dif-
ferential rotation. Poloidal field can be regenerated from the toroidal
field by an α-effect. The coefficient αφφ is responsible for the con-
version of toroidal fields into poloidal fields. The coefficients αrr
and αθθ are related to generation of toroidal fields by the α-effect.
However, the regeneration of the toroidal field from poloidal field
is dominated by strong shear, or the Ω-effect in accretion discs.
Therefore these dynamos are referred to as α-Ω dynamos.
We quantify the strength of such a dynamo by using the mean-
field induction equation to identify different dimensionless control
parameters. Firstly, the parameter Rαij = αijH/ηT measures the
importance of the α-effect to amplify the field against turbulent
diffusion ηT . The importance of the shear is governed by the pa-
rameter RΩ = SH2/ηT . The product D = RαφφRΩ called the
dynamo number, measures the combined amplification strength of
both the α and Ω effects in an α-Ω dynamo. It should exceed a
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critical value Dcrit for amplification of the field, which for thin
discs is ∼ 10 (Brandenburg & Subramanian 2005). Of course the
value of Dcrit for the RIAF is not known apriori. The value of
shear S = 1.5Ω and scale-height H = cs/Ω, are known from the
simulation data, while αij can be obtained from the SVD analysis.
Turbulent diffusion is approximated as ηT = v′rms/3kMRI, where
we are motivated from the TF result on forced turbulence (Sur et al.
2008), with kMRI = Ω/vA, the wavenumber of the fastest growing
mode of MRI. This leads to an estimate,
Rαij =
αijH
ηT
= 3
√
β
2
αij
v′rms
, (24)
RΩ =
SH2
ηT
=
9
4
β
vA
v′rms
, (25)
where β = 2Pgas/B2.
These numbers are generally studied in the kinematic stage; but
here we calculate them here in saturation. Top and bottom panels
of Fig. 8 show the meridional variation of the control parameters
(Rαφφ , Rαrr and RΩ) and dynamo number D = RαφφRΩ with
latitude respectively. Here, we consider only αrr and αφφ, related
to the dominant components of magnetic field Br and Bφ respec-
tively. It is evident from Fig. 8 that at all latitudes RΩ > Rαij
so that dynamo generation is controlled by the dynamo number
D = RαφφRΩ. This is of course a local value of D at some (r, θ)
and to infer whether the dynamo is super critical, one needs to solve
the mean-field induction equation with these αij and shear profiles.
But it is interesting to note from the the meridional profile of the
local value of D, that it exceeds about 10 where the mean field is
prominent. More work solving the mean-field dynamo equation is
needed to put this conclusion on a firmer footing.
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5.4 Turbulent pumping, radially outward transport of the
mean field
Studies (Lubow et al. 1994; Guilet & Ogilvie 2013) which consider
the accretion of a large-scale poloidal field on to the central black
hole consider turbulent diffusion as the only factor opposing inward
advection of magnetic flux. Importance of the turbulent pumping
in mean magnetic flux transport was previously unnoticed. In our
study, we find that alongwith turbulent diffusion, turbulent pumping
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can also act against inward advection. Fig.4 shows that γθ repre-
sents the transport of the mean magnetic field from turbulent region
close to the mid-plane to the less turbulent coronal region. On the
other hand, γr shows that the mean field is transported radially
outward. The direction of transport is down the gradient of turbu-
lence intensity which we find decreases with increasing radius, as
v′rms ∼ r−1.
To see the net effect of these two coefficients, we construct a
vector quantity γp = γr rˆ+γθ θˆ. Fig 9 shows the distribution of γp
in the poloidal plane. Colour describes the magnitude and arrow, the
direction. A black mask is applied wherever the standard deviation
is larger than the magnitude of γp . Fig. 9 clearly shows that the
large scale field is transported radially outward due to turbulent
diamagnetism at high latitudes. Fig. 10 shows the comparison of
radial profiles of turbulent pumping γr and radial advection v¯r at
two different latitudes θl = 55◦, 65◦. At all radii, γr is comparable
to v¯r , the difference decreases with an increasing radius. We expect
the effect of turbulent pumping to be stronger in case a geometrically
thin disc (H/R 1) where the radial velocity (even in the coronal
region) is smaller.
Recent net flux simulations of a geometrically thin Keplerian
disc also show that magnetic flux does not accumulate efficiently
near the centre due to the quasi-steady balance of advection and
diffusion of magnetic fields (Mishra et al. 2019). Our study sug-
gests that this may be due to the presence of a strong turbulent
pumping rather than simply turbulent diffusion. However, flux ac-
cumulation can be efficient if the RIAF is magnetically arrested
(MAD; Bisnovatyi-Kogan & Ruzmaikin 1974; Igumenshchev et al.
2003; Narayan et al. 2003; Tchekhovskoy et al. 2011; McKinney
et al. 2012). In case of a MAD, the strong coherent large-scale mag-
netic field is dynamically important and the dynamo is completely
suppressed (e.g. see Fig. 16 ofMcKinney et al. (2012)) and the large
scale field is efficiently dragged in.
5.5 Dynamo action and the jet connection
Jets are observed in hard spectral state in BHBs. The basic require-
ments to produce the jet are a sufficiently strong, ordered poloidal
magnetic field and an inner hot geometrically thick accretion flow
(e.g. see Meier (2005)). However, numerical simulations show that
there is no apparent correlation between the disc scale height and
jet power (Fragile et al. 2012). This leads to the possibility that
magnetic field topology might be the deciding factor in determin-
ing the jet power, although, association of jets with low/hard state
implies the presence of a RIAF close to the black hole (Fender et al.
1999). In section 5.4, we discussed the difficulty in transporting
large-scale magnetic fields inward close to the black hole unless
accretion occurs in the magnetically dominated regime.
In this section, we propose a scenario, in which a large scale
mean field dynamo operates in the outer thin disc and seeds a MAD
state in the inner RIAF. This magnetic arrangement is conducive to
jet launching. Fig. 11 shows the accretion flow geometry in the trun-
cated disc model (Esin et al. 1997; Done et al. 2007). According to
this model, the outer standard disc is truncated to join with an inner
RIAF over a transition radius rtr ≈ 30 − 200 rg (Nemmen et al.
2014). In the outer thin disc, dynamo action is strong, and magnetic
fields flip with a dynamo period Tdyn ≈ 10−15Torb ∝ r3/2 which
is much longer than the timescale at ISCO where a jet is launched.
Hence, innermost part of the outer standard disc can supply coher-
ent large-scale (∼ H) dynamo generated ordered magnetic fields to
the inner RIAF leading to a magnetically dominated accretion flow
and hence a favourable condition for jets.
It should be mentioned that the generation of a MAD depends
on the size of the inner RIAF. If area occupied by the inner RIAF
shrinks and inner disc moves inward, the polarity of the supplied
field flips more quickly as Tdyn ∝ r3/2. Therefore, time span
over which mean fields of the same polarity is supplied to inner
RIAF is shorter. The supply of opposite polarity fields enhances
reconnection within the RIAF and the disc becomes less magnetised
and can lead to the transient ballistic jets from the region close to the
black hole (Dexter et al. 2014). The jet is quenched in the soft state
due to the weakening of the coherent large scale poloidal fields.
6 SUMMARY
In this paper, we have analysed the MRI driven dynamo in a weakly
magnetised radiatively inefficient accretion flow (RIAF). We use
the mean field dynamo formalism to understand mechanism for the
generation of large-scale magnetic fields in the RIAF (model M-2P
discussed in Dhang & Sharma (2019)). The key results of our work
are summarised below.
• We have recovered the dynamo coefficients for the MRI driven
large-scale dynamo in the RIAF using the SVD method. Our study
is the first one to calculate the distribution of dynamo coefficients
in the poloidal plane (r, θ). Out of the calculated coefficients, four
coefficients αrr , αφφ, αrφ and γθ are anti-symmetric about the
mid-plane (θl = 90◦ − θ = 0◦). Rest of the coefficients (αrθ , αθφ,
γr and γφ, αθθ) show symmetric behaviour about the mid-plane.
Many of the the calculated coefficients roughly scale as a power law
∝ r−1.5, similar to the angular velocity Ω ∝ r−1.7.
• We find that meridional variations of αφφ, responsible for
toroidal to poloidal field conversion and considered to be the most
important dynamo coefficient, is very similar to that found in shear-
ing box simulations using the ‘test field method’. The dynamo co-
efficient αφφ is −ve at low latitudes and tends to be +ve at higher
latitudes.
• We estimate the relative importance of the α-effect and shear.
We conclude that although αrr is quite large, the MRI driven large-
scale dynamo is essentially of the α− Ω type.
• The information of dynamo coefficients will allow us to carry
out less expensive axisymmetric global accretion disc simulations
with sustained turbulence. Simulating such an effective mean field
model is especially attractive in context of geometrically thin disc
with a large dynamical range.
• We find a strong turbulent pumping, which transports large
scale magnetic fields radially outward. This effect along with the
turbulent diffusion makes it difficult for the large-scale magnetic
fields, an important factor to produce jets, to be advected inward by
the mean flow.
• We propose a mechanism to explain the presence of jets in
the low/hard state of a BHB considering a truncated disc model.
We outline a scenario where a dynamo generated large-scale field
produced at the inner edge of the outer thin disc can be supplied to
the inner RIAF to establish a magnetically dominated RIAF (MAD)
conducive to jet formation.
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Figure 11. Cartoon diagram of the geometry of the accretion flow in the low/hard state of BHBs in the truncated disc model. The model requires a outer cold,
optically thick, geometrically thin disc and an inner hot, optically thin, geometrically thick flow (RIAF). While jets are present in the low/hard state, they are
absent in the high/soft state. Dynamo generated large-scale (∼ H ∝ r) field produced at the inner edge of the outer thin disc can be supplied to the inner RIAF
to establish a magnetically dominated RIAF that aids formation of jets.
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APPENDIX A: COMPLETE SET OF DYNAMO
COEFFICIENTS
Without neglecting the contribution of b tensor in the expansion of
equation 6, ith component of EMF can be written as
E¯i = a˜ijB¯j + b˜ijr ∂B¯j
∂r
+
b˜ijθ
r
∂B¯j
∂θ
, (A1)
and the components of pseudo tensors a˜ij and b˜ij can then be used to
express the following complete set of dynamo coefficients including
the diffusive terms, that depend explicitly on the components of b,
αrr = a˜rr − b˜rθθ
r
,
αθθ = a˜θθ +
b˜θrθ
r
,
αφφ = a˜φφ,
αrθ = αθr =
1
2
(
a˜rθ + a˜θr +
b˜rrθ
r
− b˜θθθ
r
)
,
αrφ = αφr =
1
2
(
a˜rφ + a˜φr − b˜φrr
r
)
,
αθφ = αφθ =
1
2
(
a˜θφ + a˜φθ +
b˜φrθ
r
)
. (A2)
γr =
1
2
(
a˜θφ − a˜φθ − b˜φrθ
r
)
,
γθ =
1
2
(
a˜φr − a˜rφ − b˜φθθ
r
)
,
γφ =
1
2
(
a˜rθ +
b˜rrθ
r
− a˜θr + b˜θθθ
r
)
. (A3)
ηrr = −1
2
b˜rφθ,
ηθθ =
1
2
b˜θφr,
ηθθ =
1
2
(
b˜φrθ − b˜φθr
)
,
ηrθ = ηθr =
1
4
(
b˜rφr − b˜θφθ
)
,
ηrφ = ηφr =
1
4
(
b˜rrθ − b˜φφθ − b˜rθr
)
,
ηθφ = ηφθ =
1
4
(
b˜θrθ + b˜φφr − b˜θθr
)
. (A4)
∆r =
1
4
(
b˜θθr − b˜θrθ + b˜φφr
)
,
∆θ =
1
4
(
b˜rrθ − b˜rθr + b˜φφθ
)
,
∆φ = −1
4
(
b˜rφr + b˜θφθ
)
. (A5)
κirr = −b˜irr,
κiθθ = −b˜iθθ,
κiφφ = 0,
κirθ = κiθr = −1
2
(
b˜irθ + b˜iθr
)
,
κirφ = κiφr = −1
2
b˜iφr,
κiθφ = κiφθ = −1
2
b˜iφθ, (A6)
MNRAS 000, 000–000 (0000)
